A functional analysis of the role of glutathione in protecting plants from environmental stress was undertaken by studying Arabidopsis that had been genetically modified to have altered glutathione levels. The steady-state glutathione concentration in Arabidopsis plants was modified by expressing the cDNA for ␥-glutamyl-cysteine synthetase (GSH1) in both the sense and antisense orientation. The resulting plants had glutathione levels that ranged between 3% and 200% of the level in wild-type plants. Arabidopsis plants with low glutathione levels were hypersensitive to Cd due to the limited capacity of these plants to make phytochelatins. Plants with the lowest levels of reduced glutathione (10% of wild type) were sensitive to as little as 5 m Cd, whereas those with 50% wild-type levels required higher Cd concentrations to inhibit growth. Elevating glutathione levels did not increase metal resistance. It is interesting that the plants with low glutathione levels were also less able to accumulate anthocyanins supporting a role for glutathione S-transferases for anthocyanin formation or for the vacuolar localization and therefore accumulation of these compounds. Plants with less than 5% of wild-type glutathione levels were smaller and more sensitive to environmental stress but otherwise grew normally.
Glutathione (GSH), the tripeptide ␥-glutamylcysteinyl-Gly, is the major source of non-protein thiols in most plant cells (Bergmann and Rennenberg, 1993) . The chemical reactivity of the thiol group of glutathione makes it particularly suitable to serve a broad range of biochemical functions in all organisms. It has an oxidation reduction potential of Ϫ0.23 V that allows it to act as an effective electron acceptor and donor for numerous biological reactions. The nucleophilic nature of the thiol group also is important in the formation of mercaptide bonds with metals and for reacting with select electrophiles. This reactivity, along with the relative stability and high water solubility of GSH, makes it an ideal biochemical to protect plants against stress including oxidative stress, heavy metals, and certain exogenous and endogenous organic chemicals.
Electron transport reactions in plants, particularly those of the chloroplast produce reactive oxygen species including hydrogen peroxide, superoxide, and hydroxide radicals. The ascorbate/GSH cycle (Larson, 1988; Alscher, 1989; Foyer et al., 1994) is essential in removing H 2 O 2 , especially in the plastids (Foyer and Halliwell, 1976; Alscher, 1989; Noctor and Foyer, 1998; Asada, 1999) . Because of the role of glutathione in ascorbate reduction, it is also essential in protecting membranes by maintaining ␣-tocopherol and zeaxanthin in the reduced state.
Glutathione is polymerized to form phytochelatins, (␥-Glu-Cys) 2-11 -Gly. This reaction is catalyzed by phytochelatin synthase (Grill et al., 1987; Clemens et al., 1999; Ha et al., 1999; Vatamaniu et al., 1999) . Phytochelatins are made in the cytosol where they have a high affinity for binding with heavy metals, particularly Cd and Cu. These metal-phytochelatin complexes are then transported into the vacuole thus sequestering the metals away from sensitive enzymes (Rauser, 1990) . This system provides plants with a moderate level of resistance to Cd and Cu. Arabidopsis plants that are diminished in their capacity to produce glutathione, cad2 (Howden et al., 1995a) or RML1 (Vernoux et al., 2000) , or have a mutation in the gene for phytochelatin synthase, the cad1 gene (Howden et al., 1995b) , make fewer phytochelatins and are hypersensitive to Cd and Cu. The enzyme phytochelatin (PC) synthase is constitutively expressed, but its activity is dependent on the presence of a heavy metal. When this enzyme is activated in the presence of Cd or Cu, this reaction becomes a major sink for glutathione.
Glutathione is also involved in the detoxification of organic compounds. Many xenobiotics as well as some metabolites like anthocyanins are reacted with GSH by a family of glutathione S-transferases (GST) and transported, possibly as GSH conjugates, into the vacuole (Marrs, 1996) .
Glutathione is synthesized from standard amino acids in two steps. ␥-Glutamyl-Cys (␥-EC) synthetase combines Glu and Cys in an ATP-dependent reaction to form ␥-glutamyl-Cys (Hell and Bergmann, 1990) . In Arabidopsis this is encoded by a single gene, GSH1 (May and Leaver, 1995) . Glutathione syn-thetase catalyzes the ATP-dependent reaction between ␥-EC and Gly to form GSH. In Arabidopsis, GSH synthetase is encoded by a single gene, GSH2 (Wang and Oliver, 1996) , which through alternative mRNA splicing can produce proteins targeted to the cytosol and plastid (Skipsey et al., 1999) . Chloroplastic and cytosolic isoforms of GSH reductase are also essential to reduce oxidized glutathione (GSSG) back to the reduced form, GSH.
Loss-of-function analysis is also well-suited for defining the biological roles of compounds like GSH in plants. Considering all the vital functions of glutathione, a null mutation is likely lethal. No such mutants have been isolated to date. The cad2 mutant of Arabidopsis still produces GSH at a level of 30% wild type (Howden et al., 1995a) . With the exception of hypersensitivity to some toxic metals, this mutant is nearly indistinguishable from wild-type plants. Vernoux et al. (2000) have recently shown that the RML1 (ROOT MERISTEMLESS 1) mutant of Arabidopsis (Cheng et al., 1995) is due to a point mutation in the GSH1 gene. This mutant has GSH levels that are approximately 3% of wild type. The mutation precludes formation of a root meristem and is associated with a block in the G 1 -to-S transition in cells. Growth and fertility are both limited in this mutant. We used a transgenic approach to over-express the cDNA for ␥-glutamyl-Cys synthetase in both sense and antisense orientation and produced a number of transgenic Arabidopsis lines with altered levels of GSH ranging from 3% to nearly 200% of the wild-type level. These biochemical mutants are ideal for defining biological functions of GSH in higher plants. We have demonstrated with these mutants that glutathione is essential in protecting plants from heavy metal toxicity and that glutathione levels affects the accumulation of anthocyanin. In addition, an interesting regulatory mechanism of Cys synthesis was uncovered by these mutants.
RESULTS

Creating Transgenic Arabidopsis Lines with Altered GSH Levels
GSH synthesis requires both ␥-EC synthetase and GSH synthetase. Therefore, GSH levels can be manipulated by altering the levels of these enzymes. Since ␥-EC synthetase is thought to be the ratelimiting enzyme for GSH synthesis (Arisi et al., 1997) , the single copy gene GSH1 encoding ␥-EC synthetase was targeted. We used a transgenic approach to alter GSH level by over-expressing the cDNA for ␥-EC synthetase in Arabidopsis. Figure 1A illustrates the genetic constructs used for plant transformation. A number of transgenic lines were produced for both sense and antisense constructs. One antisense line (R10) and two sense lines (16 and 21), which gave large consistent changes in the glutathione levels, were studied in detail. The molecular analysis of the T3 generation of one antisense line (R10-2) and two sense lines (16-A and 21-1) are shown in Figure 1B . Southern-blot analysis of the 11 or 12 individual plants from each line indicate that all three lines are homozygous for a single copy of the transgenic construct (in the 16-A line the inserted gene cannot be distinguished from the endogenous GSH1 gene).
The transcript levels of GSH1 in these lines were shown in Figure 1C . The mRNA for ␥-EC synthetase is 2.0 kb and present in the soil-grown plants at moderate levels. In the five plants of antisense line R10-2 the mRNA level is less than 10% of the wildtype level. In the four sense plants of line 16 the amount of ␥-EC synthetase mRNA is increase substantially (10-to 100-fold) under control of the 35S promoter. These mRNA blots were done on leaves taken from soil grown plants. In the wild-type as well as the transgenic plants a substantial amount of the mRNA for ␥-EC synthetase consistently appears to be degraded. It is unlikely that this is non-specific RNA degradation because of the quality of the mRNA on ethidium bromide stained gels. We do not observe this putative breakdown product of the ␥-EC synthetase mRNA isolated from plants grown in liquid culture (Xiang and Oliver, 1998) and suggest that this might represent rapid turnover of this specific mRNA in soil-grown plants.
The protein levels for ␥-EC synthetase were shown in Figure 1D for two representative transgenic lines and wild type. In this western blot, the ␥-EC synthetase protein is detected as a 60-kD band in wildtype Arabidopsis plants grown in liquid culture. We were unable to detect the protein in the antisense line R10-2 and estimate that it is less than 10% of the wild-type protein level. The concentration of protein in the sense line, 16-A, is elevated to levels that are at least 25 times the amount in wild-type tissue.
The molecular characterization of these transgenic lines show that we have successfully manipulated the expression of the target gene, GSH1. The single copy sense and antisense inserts have created plants with ␥-EC synthetase levels that range from a small fraction of to many times wild-type levels. The ultimate proof of the success of these transgenic modifications is to demonstrate that these plants have biochemical phenotypes with altered GSH levels. HPLC analysis of wild-type and transgenic plants demonstrated that the GSH levels were significantly modified by the sense and antisense expression of the ␥-EC synthetase cDNA. Table I shows the profile of thiols in these representative lines and compares them with wild-type concentrations. The five antisense lines shown have GSH levels that range from 2.5% to 49% of wild-type concentrations. The ␥-EC levels in these plants are also lower than in the wild type, although the differences were not always significant. In lines R10, R8, and R11, the concentration of Cys, which occurs before the blocked step, are increase up to 2.6-fold over wild type. The two sense lines shown have GSH levels that are 155% and 180% of wild type. Thus, we have created transgenic Arabidopsis plants with altered GSH levels ranging from approximately 3% to nearly 200% of wild type. These values are for small leaves in young soil-grown plants. As the plants age, GSH levels in the antisense plants tended to be increased (data not shown), and plants grown in liquid culture tended to have higher GSH levels.
Growth of Plants with Decreased GSH Levels
The antisense plants with low GSH levels were smaller in stature but developed at approximately the same rate as wild-type plants. On solid media, they germinated at the same time as the wild type but were noticeably smaller. The sense plants with elevated GSH levels also germinated in parallel with the wild-type plants and were slightly larger (although Table I . The thiol profiles of representative transgenic lines T1 plants that survived herbicide selection were grown for 2 weeks in soil in a growth chamber at 22°C, 50 E m Ϫ2 s Ϫ1 and 16-h light. Individual rosette leaves were harvested and the thiols determined by HPLC. The results presented are means Ϯ SE for three replicates. The concentrations reported are nanomoles per gram fresh wt. The last column shows GSH values as percent of wild-type concentration. Within a column, nos. with the same superscript letters are not significantly different. The bar gene was used as the selectable marker for in-soil transformant selection and the ⍀ sequence of tobacco mosaic virus to enhance the translation of the transgene. B, Genomic DNA-blot analysis of three non-segregating lines (T3 generation) using GSH1 cDNA probe as indicated in A. R10-2 was an antisense line, whereas 16-A and 21-1 were lines for sense constructs. Total DNA was digested with SstI at a unique site within the T-DNA region and the presence of a single copy insert confirmed (in 16-A the band of the insert comigrates with that of the endogenous GSH1 gene). The results match the herbicide resistance phenotype of these plants. C, RNA-blot analysis of homozygous lines (T3) for both sense (16-A) and antisense (R10-2) transgene expression. Sense-specific probe (antisense GSH1) was used to estimate the GHS1 transcript levels. The mRNA was isolated from soil grown plants. D, Western-blot analysis of representative transgenic lines using antibodies raised against ␥-EC synthetase of Arabidopsis. Wild-type, sense line 16-A (ϩ), and antisense line R10-2 (Ϫ) plants were grown in liquid culture. Total protein extracts were separated by SDS-PAGE and electrotransferred to nitrocellulose before the ␥-EC synthetase protein was detected using the specific polyclonal antiserum.
the difference was not statistically significant) than wild-type plants. With 1-week-old plants grown on solid media in Petri dishes (Fig. 2, A-D F, Rosette diameter of the wild-type and herbicideresistant low GSH plants containing the antisense GSH1 cDNA. The wild-type line contains the control pCB200 plasmids without insert DNA. G, Photograph of 2-month-old wild-type, low GSH line R10-2, and high GSH line 16-A plants that were grown at 50 E m Ϫ2 s Ϫ1 at 22°C before transfer to 350 E m Ϫ2 s Ϫ1 and 26°C for 1 week. The low GSH plants are wilted under these conditions. H, Root systems of the same wild-type and low GSH plants described in G.
for plants that were hypersensitive to Cd. We were interested in determining if our biochemical mutants with substantially lower GSH synthesis capacity as well as the over-expression mutants with levels twice wild type had altered sensitivity to heavy metals. Seeds from several of the different antisense and sense lines were grown on plates containing either 0 or 40 m CdCl 2 in Murashige and Skoog media solidified with Phytogel. All of the lines germinated and grew well on Cd-free medium. In the presence of 40 m CdCl 2 wild-type plants, as well as most transgenic lines containing the ␥-EC synthetase sense construct, grew at rates that were very similar to the rate in the absence of Cd (Fig. 3A) . The antisense lines, however, germinated in the presence of 40 m CdCl 2 , but growth was substantially inhibited and the plants bleached and died within 7 d of germination (Fig.  3A) . Line 20-A was a sense line with very low GSH levels, suggesting that the transgene might be cosuppressing the endogenous GSH1 gene. Like the antisense lines, it was very sensitive to Cd. This line was not studied further.
We focused additional attention on the R8 (10% wild-type GSH level), R11 (20% wild-type GSH), R6 (50% wild-type GSH), and 16 (150% wild-type GSH) and 21 (190% wild-type GSH) lines (Fig. 3B) , which provided plants with a gradient of GSH levels. Five replicas of 10 plants each type were grown on low concentrations of CdCl 2 (0, 5, and 10 m) to determine if we could see a direct relationship between the level of GSH and the sensitivity to these levels of Cd. R8 in the absence of Cd produced 46% the biomass of wild-type plants, and its growth was significantly inhibited by 5 and 10 m Cd. R11 had 63% as much biomass as wild type and its growth was also significantly inhibited by both 5 and 10 m Cd. R6 with wild-type GSH level had biomass accumulation that was not different from wild type and its growth was not significantly inhibited by 5 m Cd but was by 10 m Cd. Both of the over-expresser lines (16 and 21) had biomass accumulations that were not significantly different from wild type and, like wild type, their growth was not significantly inhibited by 5 and 10 m Cd.
The pools of reduced thiols in mutant and wildtype plants were measured after growth in liquid culture following treatment with 25 m CdCl 2 for 16 h. This concentration was chosen because it has minimal impact on growth of wild-type tissues. Figure 3C shows that both the sense and the wild-type plants are capable of producing phytochelatins that protect these plants from the toxic effects of Cd. The antisense plants produce only very limited amounts of phytochelatins because of the decreased GSH level and are, therefore, much more metal sensitive. The resulting increased sensitivity of the antisense plants to Cd is shown in Figure 3D . Plants were grown in liquid culture without Cd for 1 week before 25 m CdCl 2 was added and the plants were allowed to continue growing for a second week. The total plant biomass at the end of the week without Cd was nearly the same for the sense plants and the wildtype plants. The antisense plants had approximately one-half the biomass of the wild-type plants. After a second week of growth in the presence of Cd, the wild-type and sense plants grew at approximately the same rate, but the growth of the antisense plants was inhibited by approximately 90% (Fig. 3D) . This confirms the reduced growth rate of the antisense plants and their hypersensitivity to low concentrations of Cd due to their inability to produce phytochelatins.
Cd treatment caused activation of phytochelatin synthase and the conversion of GSH to phytochelatins (Fig. 3C ). Because these plants were purposely treated with low concentrations of Cd, they produce only limited amounts of phytochelatins. Line 21-A that contains the ␥-EC synthetase cDNA in the sense orientation grown in liquid culture treated with 25 m CdCl 2 has approximately 20% more GSH than wild-type plants grown under the same conditions and forms approximately 25% more phytochelatins. The antisense plants grown with 25 m CdCl 2 have GSH concentrations that are approximately 20% of wild-type values and accumulate less than 10% as much phytochelatins. Under these low Cd conditions there appears to be a direct relationship between the amount of glutathione and the amount of phytochelatins produced. The wild-type and the sense plants make enough phytochelatins to protect them from this level of Cd, whereas the antisense plants do not.
Plants with altered levels of ␥-EC synthetase have been useful in exploring other mechanisms controlling GSH and Cys biosynthesis in plants. Figure 4 shows an experiment where Arabidopsis wild-type plants, an antisense GSH1 mutant with low ␥-EC synthetase, and a sense line with high ␥-EC synthetase all grown in liquid culture were exposed to increasing concentrations of Cd for 24 h. The tissue was then harvested, and the levels of the major thiols determined. In this experiment the untreated wildtype plants had GSH levels of 0.19 mol/g, whereas the low and high ␥-EC synthetase plants had GSH levels of 0.03 (16%) and 0.23 (121%), respectively. Wild-type plants exposed to increasing concentrations of Cd began accumulating large amounts of phytochelatins. As glutathione was diverted to phytochelatin formation the amount of free GSH in these plants decreased. A greater flux of sulfur through the GSH pool is obvious from the substantial increase in total thiols in Cd-treated wild-type plants.
In the ␥-EC synthetase antisense plants we do not see this large increase in total thiols because the decreased ability to make ␥-EC keeps the GSH pool low and deprives PC synthase of sufficient substrate for substantial phytochelatin formation. The antisense plants with low amounts of ␥-EC synthetase protein do show that the reactions leading to Cys formation are activated by Cd treatment. In these plants the steady-state Cys concentration increases over 2-fold in response to the Cd exposure. Cys biosynthesis is probably also activated by Cd in the wild-type and sense GSH1 plants, but its accumulation is less obvious due to the increased flux through ␥-EC synthetase and GSH synthetase.
At the highest Cd concentrations, ␥-EC accumulates to several times the amount in untreated wildtype and high ␥-EC synthetase plants. This suggests that under these conditions ␥-EC synthesis is stimulated more than its conversion to GSH, or GSH synthase is more Cd sensitive. At the highest Cd level (400 m) the increased capacity for ␥-EC formation in the plants with high ␥-EC synthetase protein results in ␥-EC levels that are nearly twice those in wild-type plants.
One of the biggest changes in the antisense plants in the absence of Cd treatment is the substantial increase in Cys levels. Compared with the sense and wild-type plants, antisense plants have nearly five times more Cys (Fig. 4) . Cys increases were also noted with the cad2 mutant (Cobbett et al., 1998) . These plants have less total thiols than the wild type so the decreased GSH levels in the antisense do not result in an increased flux into the total thiol pool. The accumulation of Cys suggests that feedback inhibition by Cys and glutathione are not major determinants in Cys accumulation (Leustek et al., 2000) .
GSH Levels Affect the Accumulation of Anthocyanin
The role of GSH is not just to protect plants from stress by ameliorating the effects of heavy metals and oxidative stress. Glutathione is also used for a number of metabolic functions in plants. GSH is a man-datory substrate for GST reactions. Plants with low GSH concentrations, therefore, are less able to glutathionate anthocyanins. To induce anthocyanin synthesis, Arabidopsis plants were grown at very low light (50 E m Ϫ2 s Ϫ1 continuous light 22°C) for 1 month until the plants were just beginning to flower. These plants were then transferred to a chamber with moderate light levels (250 E m Ϫ2 s Ϫ1 continuous light at 24°C) for 1 week. After 1 week, the amount of glutathione and anthocyanin in the leaves was determined (Fig. 5) . In this experiment we used a number of antisense lines that gave glutathione levels that ranged from 20% to 45% of wild type, wild-type plants, and a sense line with nearly twice the GSH concentration of wild type (Fig. 5D) . Visual observations showed that the plants with decreased GSH developed less pigmentation in the leaves (Fig. 5A) . A comparison of the GSH level in these tissues ( Fig.  5D ) with the anthocyanin present (Fig. 5 , B and C) showed a rough correlation between the amount of GSH and the resulting pigment accumulation due apparently to the large variability in anthocyanin formation between leaves in our system. When the GSH level was 20% of wild type, the resulting anthocyanin levels in the plants was very low. Maximum anthocyanin accumulated in wild-type tissue and the plants over expressing ␥-EC synthetase and showing twice as much GSH did not accumulate additional pigment.
DISCUSSION
Whereas glutathione has been implicated in a number of normal metabolic functions, it is most consistently associated with protecting plants from environmental stress. It is not surprising, therefore, that Arabidopsis plants with leaf GSH levels as low as 3% of wild type grow reasonably well in low stress environments. The only consistent phenotype of the plants with low ␥-EC synthetase levels, limited capacity for GSH formation, and therefore low steadystate GSH levels is that the plants were only accumulated approximately one-half of the biomass of wild-type plants. The reason for the decreased size is not obvious. Vernoux et al. (2000) have suggested a role for GSH in the cell cycle. In the RML1 mutant this results in a failure to form root apical meristems and as a result root formation is curtailed. Whereas these results suggest that the root meristem is most sensitive, it is possible that GSH plays an important role in other meristems and that when GSH levels drop to a fraction of the wild-type level, cell division within the other meristems is decreased. We were not able to document a specific inhibition of root formation in our plants. It should be noted that our plants were generated with antisense constructs using the 35S promoter and that this promoter does not express equally in all tissues. It is, as a result, possible that we are not suppressing GSH levels in meristems as much Figure 4 . Effect of increasing Cd levels on the major thiols of Arabidopsis plants. Wild-type and homozygous T3 Arabidopsis lines for both antisense low GSH (R10-2, R10-8, R10-17 combined) and sense lines (16-7, 16-10, 16 -A, and 21-1 combined) with high GSH were grown in liquid culture for 1 week. Heavy metal CdCl 2 at the indicated concentrations was added and incubated for 24 h. The plants were then harvested and Cys, ␥-EC, GSH, and PCs were determined by HPLC as described for Figure 3B . The data presented are the mean of three flasks each containing 50 seeds. The sum of Cys, ␥-EC, glutathione, and phytochelatins was represented as total thiols (Total).
as in the rest of the plant. We have noticed that the GSH level in our plants changes with time. In those plants showing the strongest antisense phenotype, the GSH levels were lowest in young leaves (sometimes less than 5% of wild-type leaves of the same age). As the plants aged, GSH levels in mature leaves often increased to 10% to 20% of wild type. This may result from use of the 35S promoter or may indicate long term accumulation of GSH and decreased turnover in these plants.
Over expression of ␥-EC synthetase caused a large increase in its steady-state mRNA and protein levels but only a modest increase in GSH concentration. This could result from a limitation in GSH synthetase activity, Cys biosynthetic capacity, feedback inhibition of GSH on ␥-EC synthetase, or production of an inactive form of the enzyme. May et al. (1998) have suggested that this enzyme requires phosphorylation for full activity.
The antisense ␥-EC synthetase plants with lower levels of this protein and decreased amounts of GSH were substantially more sensitive to a range of environmental stresses including the heavy metals, Cu and Cd, and photooxidative and ozone stress (data not shown). The sensitivity to Cd was most predictable. The cad2 mutant (Howden et al., 1995a; Cobbett et al., 1998) and the RML1 mutant (Vernoux et al., 2000) are also very Cd sensitive.
We were unable to document a significant increase in Cd tolerance in our GSH1 sense plants with elevated ␥-EC synthetase and GSH levels despite numerous attempts. These plants did have an increased capacity to make GSH and were able to maintain GSH levels that were higher than those in untreated wild-type plants in the presence of up to 100 m Cd (Fig. 4) . This increase in GSH levels, however, did not result in increased rates of phytochelatin formation except at very low Cd levels (25 m in Figs. 2 and 4) . This suggests that under the conditions in which these plants were grown, the rate of PC formation in wild-type plants is not limited by the available GSH. Rather, phytochelatin formation is limited by either the rate of PC synthase or the capacity for further processing and/or transport of the Cd or Cdphytochelatin complex.
In the wild-type and ␥-EC synthetase sense plants, there is an increase in ␥-EC level as the plants are exposed to increasing Cd concentrations. The activities of ␥-EC synthetase and GSH synthetase are under multilevel controls. Transcription of both genes are induced by exposure to Cd and Cu (Schafer et al., 1998; Xiang and Oliver, 1998) . The translation of at least the ␥-EC synthetase mRNA is regulated by the GSH/GSSG ratio in the cell (Xiang and Oliver, submitted article). ␥-EC synthetase is under feedback control by GSH and Cys, and sometimes Gly availability (Noctor et al., 1997) can limit GSH formation. Cd treatment can increase the rate of flux through this pathway by altering each of these control mechanisms. It induces GSH1 and GSH2 transcription and by inducing oxidative stress increases ␥-EC synthetase mRNA translation. It lowers the GSH level and thereby lessens feedback inhibition of ␥-EC synthetase. It also appears to induce formation of Cys (Fig. 4) . The increase in ␥-EC level following Cd exposure suggests that the reactions leading to ␥-EC formation are preferentially stimulated relative to those involved in its use, presumably its conversion to GSH by GSH synthetase. These results could also happen if GSH synthetase is being inhibited by the Cd in the tissues. 
